The chaperonin GroEL binds to a large number of polypeptides, prevents their self-association, and mediates appropriate folding in a GroES and adenosine triphosphate-dependent manner. But how the GroEL molecule actually recognizes the polypeptide and what are the exact GroEL recognition sites in the substrates are still poorly understood. We have examined more than 50 in vivo substrates as well as well-characterized in vitro substrates, for their binding characteristics with GroEL. While addressing the issue, we have been driven by the basic concept that GroES, being the cochaperonin of GroEL, is the best-suited substrate for GroEL, as well as by the fact that polypeptide substrate and GroES occupy the same binding sites on the GroEL apical domain. GroES interacts with GroEL through selective hydrophobic residues present on its mobile loop region, and we have considered the group of residues on the GroES mobile loop as the key element in choosing a substrate for GroEL. Considering the hydrophobic region on the GroES mobile loop as the standard, we have attempted to identify the homologous region on the peptide sequences in the proteins of our interest. Polypeptides have been judged as potential GroEL substrates on the basis of the presence of the GroES mobile loop-like hydrophobic segments in their amino acid sequences. We have observed 1 or more GroES mobile loop-like hydrophobic patches in the peptide sequence of some of the proteins of our interest, and the hydropathy index of most of these patches also seems to be approximately close to that of the standard. It has been proposed that the presence of hydrophobic patches having substantial degree of hydropathy index as compared with the standard segment is a necessary condition for a peptide sequence to be recognized by GroEL molecules. We also observed that the overall hydrophobicity is also close to 30% in these substrates, although this is not the sufficient criterion for a polypeptide to be assigned as a substrate for GroEL. We found that the binding of aconitase, ␣-lactalbumin, and murine dihydrofolate reductase to GroEL falls in line with our present model and have also predicted the exact regions of their binding to GroEL. On the basis of our GroEL substrate prediction, we have presented a model for the binding of apo form of some proteins to GroEL and the eventual formation of the holo form. Our observation also reveals that in most of the cases, the GroES mobile loop-like hydrophobic patch is present in the unstructured region of the protein molecule, specifically in the loop or ␤-sheeted region. The outcome of our study would be an essential feature in identifying a potential substrate for GroEL on the basis of the presence of 1 or more GroES mobile loop-like hydrophobic segments in the amino acid sequence of those polypeptides and their location in three-dimensional space.
INTRODUCTION
Protein-folding machinery in Escherichia coli includes chaperonin GroEL and it's cochaperonin GroES, which facilitates folding of a variety of proteins by binding nonnative conformations in the hydrophobic cavity of an open GroEL ring and then triggering productive folding on subsequent binding of GroES and adenosine triphosphate (ATP) to the same ring as polypeptide (Horvitz 1998; Sigler et al 1998) or to the opposite ring (Chaudhuri et al 2001) . A polypeptide substrate forms its association with GroEL through multivalent hydrophobic contacts inside the central cavity of a ring. Apparently GroEL-bound proteins exist in collapsed, loosely packed conformations, with varying degrees of native secondary structure (Fenton and Horwich 2003) . Hydrophobic residues located on the apical domain of the central cavity of GroEL recognize the exposed hydrophobic regions of a nonnative protein through hydrophobic interactions and thus form a complex that at least results in the prevention of aggregation of the bound polypeptide, and very often the protected polypeptide reaches the folded state using the function of cochaperonin GroES and ATP (Fenton et al 1994) . The role of hydrophobicity in substrate recognition by GroEL has been experimentally verified using rhodanese as a substrate. The aggregation of rhodanese could be prevented by GroEL as well as by the detergent lauryl maltoside, suggesting that the action of GroEL involved stabilizing hydrophobic surfaces of nonnative intermediates (Mendoza et al 1991) . The interaction between GroEL and polypeptide has been thoroughly studied, and a recent study suggests that 3 consecutive wild-type apical domain-binding surfaces were required to support a full extent of binding of Rubisco or malate dehydrogenase (MDH) in vitro (Farr et al 2000) . Information about the change in microenvironment of bound substrate protein has been probed by the change of accessible surface area of amino acid residues present in the peptide-binding region of the GroEL molecule (Stan et al 2003) . Using the multiple sequence alignment and chemical sequence entropy calculations, the authors have demonstrated that, only the chemical identities of the amino acid residues in the GroEL central cavity is conserved for it's function. Although the nature of interactions between the polypeptide and GroES with GroEL is well known (Fenton and Horwich 2003) , not much is understood about the nature of hydrophobic regions in the polypeptide substrate that renders its identity as a GroEL substrate. Attempts were taken to address this issue using different short peptide segments or synthetic polypeptides, which may or may not assume the same conformation that would be present in the nonnative form of the protein. This possibility can partly be explained from the fact that residues 199-209 in the GroEL apical domain, containing additional hydrophobic residues essential for binding substrates such as Rubisco and MDH, has not been involved in the binding of small peptides (Fenton and Horwich 2003) . Hence, we decided to consider the whole protein as the substrate. Moreover, we considered a substantial number of in vivo and in vitro substrates for GroEL, which are known to bind with GroEL in cell or in solution. Hence, a correlation derived from a large number of known protein substrates should reliably demonstrate the factors necessary for GroEL recognition by polypeptide substrates. We have addressed the issue of understanding the basis of substrate recognition by GroEL using the fundamental aspect in GroEL-GroES interaction. Although some events are common in the binding of GroES and polypeptide to GroEL, eg, both of them compete for the same binding sites on the apical domain of GroEL (Fenton and Horwich 1997) , there are differences as well. It is observed that binding of GroES to GroEL enhances the intraring cooperativity and diminishes the ATP hydrolysis substantially, whereas bound polypeptide has little effect on ATP turnover. The reason for this behavior might be that binding of GroES to GroEL is stronger than that of polypeptide to GroEL because all the subunits of GroEL become occupied on GroES binding, whereas for many substrates all the subunits of GroEL might not be engaged by polypeptide binding. As a result, the intraring conformational alteration is not as pronounced as that of GroES binding, and hence we can expect a milder effect on ATP turnover on polypeptide binding. We have considered that the sequence of the GroES mobile loop GGIVLTG, which binds with the GroEL apical domain, must be having the characteristic properties necessary for stable and energetically favorable binding between GroEL and polypeptide. There might be a debate whether the strong hydrophobic peptide segment in the GroES mobile loop (GGIVLTG) is the perfect GroEL-binding motif because of the finding that native GroES never aggregates in solution despite it having 7 such hydrophobic segments exposed to solution. However, nuclear magnetic resonance data (Fiaux et al 2002) and crystal structures (Xu et al 1997) are consistent with the mobile loop patch as the major interaction site. Less obvious contacts may provide some additional binding energy, particularly because they are all multiplied by 7, but there is no evidence for any other interaction with energy equivalent to that available from the mobile loop. Although a single mobile loop consisting of the hydrophobic segment GGIVLTG will bind with 1 of the 7 apical domains present in the heptameric GroEL, there is no experimental information available about it's stability. However, when 7 such mobile loops, containing 7 hydrophobic segments bind with native GroEL molecules, the binding is strong as evidenced by stable complex formation between GroEL and GroES in the presence of nucleotides (Fenton and Horwich 2003) . Hence, a single GroES mobile loop may not be a perfect substrate for GroEL, but GroES as a whole is a perfect binding partner as well as a natural cochaperonin for GroEL. This occurs not only because it has 7 mobile loops of hydrophobic segments GGIVLTG in heptameric GroES but also because it possesses a 7-fold symmetry axis, which causes a perfect fit in the opening of GroEL. An obvious issue regarding the strength of the complex formed between polypeptide substrates containing mobile loop sequences and GroEL would depend on the number of such sequences present in the former. Polypeptide sequences containing multiple hydrophobic patches are more likely to be the natural substrates because each substrate protein can bind up to 7 sites on the GroEL apical domain. The secondary criteria, ie, the overall hydrophobicity of a fully denatured polypeptide chain and hydropathy index of localized hydrophobic regions in a polypeptide chain, have also been considered in identifying the basis of substrate identification by GroEL. To identify the molecular basis of substrate recognition by GroEL, we have considered more than 50 in vivo substrates as well as quite a few in vitro substrates of GroEL, and using the structural correlation approach, we have demonstrated the criteria for the substrate recognition of GroEL. The overall hydrophobicity profile as well as local hydropathy index have been taken into account in this correlation process. We have considered the local hydropathy index of the hydrophobic patch in the GroES mobile loop, ie, the sequence of the GroES mobile loop GGIVLTG, which is responsible for its interaction with GroEL as the standard and then compared the hydropathy index of the isolated hydrophobic patches in the amino acid sequence of known proteins. On the basis of our correlation study, we have proposed a basis for the substrate recognition by GroEL. Some of the in vitro substrate-binding phenomenons, like binding of ␣-lactalbumin, dihydrofolate reductase (DHFR), and aconitase with GroEL have been well explained using our proposition. We have also proposed a mechanism of apo protein binding with GroEL using our hypothesis. To proof the validity of our proposition, we considered the amino acid sequence of few proteins, which do not bind with GroEL, and the sequence correlation approach was applied on these sequences to show how the results differ from those of the protein sequences, which bind with GroEL in vivo or in vitro. In this article, we have explained the tentative position of hydrophobic patches in the 3-dimensional structure of known GroEL substrates. The success of our study is few predictions and proposals that can be implemented through specific experiments such as mutational studies at the predicted regions of the protein sequence. Once, the experimental findings support the prediction, we will be in a situation to introduce necessary mutations in the sequence of a protein to force it's binding with GroEL and then try to fold the protein using the complete chaperone system.
MATERIALS AND METHODS
Amino acid sequences of in vivo substrates of the chaperonin GroEL (Houry et al 1999) as well as in vitro substrates were collected from the Swiss Prot Databank. Thereafter, each sequence was independently aligned with the heptapeptide sequence (GGIVLTG), present in GroES mobile loop and responsible for it's binding with GroEL, to find the percentage of sequence identity. Percent similarity was calculated using the pairwise sequence alignment tool at BCM Search Launcher (Smith et al 1981) , which actually provides 'k' best nonintersecting alignments. Amino acid substitutions of a similar kind (hydrophobic-hydrophobic; identical charged-charged) were allowed. The alignments having significant match with the heptapeptide mobile loop sequence GGIVLTG (GroEL mobile loop region) were then selected for further processing. We have used the mobile loop sequence GGIVLTG to find out the homologous segment in the polypeptide sequences in identifying the potential GroEL substrates. The reason for such selection is that we wanted to identify polypeptides as potential substrates for GroEL on the basis of the presence of 1 or more mobile loop-like sequences. Glycine residues before the IVL sequence in the GroES mobile loop is important for it's association with GroEL. However, the glycines do not make direct contact with the GroEL apical domain but assist the IVL residues to be placed in correct conformation so that they can interact with residues on the GroEL apical domain. For the polypeptide substrates in their nonnative form, the flanking glycine residues may or may not be necessary for binding with GroEL. Hence, by searching the mobile loop sequence GGIVLTG in the polypeptide substrates, we may miss some genuine GroEL substrates lacking the flanking glycine residues. This is a limitation of the 1-dimensional approach. The other limitation of this approach is that it cannot identify strong hydrophobic patches formed by the residues close in the 3-dimensional space. These limitations collectively generate some false-negative results. Hence, the sequence correlation approach can predict few potential GroEL substrates, if not all. The overall percentage of hydrophobicity was calculated as the ratio x/n, where x is the number of most hydrophobic amino acids (L, V, I, F, M) and n is the total number of amino acids in the sequence. The calculation was performed using the Statistical Analysis of Protein Sequences (SAPS) software (Brendel et al 1992) . The local hydropathy index of the individual short peptides, which shared some sequence similarity with the mobile loop, was calculated using the grand average of hydropathicity (GRAVY) (Kyte and Doolittle 1982) . The GRAVY value for a peptide or protein is calculated as the sum of hydropathy values of all the amino acids divided by the number of residues in the sequence.
Our prediction of binding of nonnative ␣-lactalbumin to GroEL was validated using the experimental data (Hayer-Hartl et al 1994; Okazaki et al 1994 Okazaki et al , 1997 Katsumata et al 1996; Shimizu et al 1998) . We confirmed our prediction on the binding of nonnative and apo form of mitochondrial aconitase using the experimental findings of Chaudhuri et al (2001) , and the results from Clark et al (1996) confirmed our prediction on the binding of murine DHFR with GroEL. We have carried out a statistical analysis on the frequency of occurrences of GroES mobile loop-like sequence in the E coli substrate proteins using the database of E coli proteins.
RESULTS

Determination of overall hydrophobicity for GroEL substrates
In this article we have classified GroEL substrates into 3 broad categories, namely in vivo substrates, in vitro substrates, and nonsubstrates. The in vivo substrates are the proteins that have been shown to form complexes with GroEL in the E coli cytosol (Table 1) , the in vitro substrates are the proteins that have been demonstrated to form binary complexes with GroEL under in vitro conditions (Table 2) , and the nonsubstrates are the proteins that do not form complexes with GroEL under in vivo and in vitro conditions ( Table 7 ). The overall hydrophobicity of GroELs in vivo, in vitro, and nonsubstrates were calculated and presented in Table 4 . The results show that on average 27% of the amino acid residues in a protein are hydrophobic in nature, and we could not find any remarkable difference in overall hydrophobicity between in vivo and in vitro substrates of GroEL as well as between substrates and nonsubstrates. Hence, overall hydrophobicity is not the primary determinant for the binding of a nonnative protein to GroEL; however, the surface hydrophobicity of a nonnative protein might differentiate a nonsubstrate from the substrate. In other words the surface hydrophobicity of a partially folded protein might dictate whether the exposed hydrophobicity is sufficient for a stable binding between GroEL and nonnative protein through hydrophobic interactions.
Identification of hydrophobic patches for GroEL substrates
We have detected the hydrophobic patches consisting of strong hydrophobic residues I, V, M, L, F in the primary sequence of known in vivo and in vitro GroEL substrates (Tables 1-3) . We calculated the hydropathy index of the peptide segment (GGIVLTG) in the mobile loop region of GroES (Table 4 ) with a view that the best known substrate for GroEL is definitely GroES and also because both the substrate and mobile loop on GroES compete for the same binding position at the apical domain of GroEL (Fenton and Horwich 1997) . We then calculated the hydropathy indexes of detected hydrophobic patches, the number of patches, and percentage of similarity between the calculated hydrophobic patch of substrate and nonsubstrate proteins and the GroES mobile loop region (Tables 4-7). What we have observed is that in most of the cases, there is a 40% to 50% similarity in the pattern of hydrophobic patches between GroEL substrates and the GroES mobile loop (GGIVLTG). Although the peptide sequence is not conserved among the in vivo substrates, the patches are mostly formed by the residues that are present in the hydrophobic patch on the GroES mobile loop.
Hence, it is quite obvious that strong hydrophobic patches in the substrate proteins formed by amino acid residues having high values of hydrophobicity play an important role in binding with GroEL. In some cases, we have found that the protein contains more than 1 strong hydrophobic patch (Table 1) , and it may happen that the number of patches might form a strong hydrophobic region, which enables the substrate in its nonnative form to be recognizable by GroEL. It may be anticipated that the GroEL substrates in their nonnative form keep the hydrophobic patches partially or completely exposed so that they can bind with GroEL, which otherwise, in the absence of GroEL, form insoluble aggregates also known as inclusion bodies.
Frequency of occurrences of GroES mobile loop-type sequence in E coli proteins
To find out the possibility of appearance of GroES mobile loop-like hydrophobic patches in E coli proteins, we carried out a search on the database of E coli proteins and found out that about 60% of them contain at least 1 hydrophobic patch, and one-third of the total proteins contain multiple hydrophobic patches similar to the GroES mobile loop. Although there is a major difference in number between the predicted and observed in vivo substrates of GroEL, on the basis of previous observation (Viitanen et al 1992) it may be explained that many proteins are capable of interacting with GroEL transiently. The 52 reported in vivo substrates (Houry et al 1999) definitely form stable binary complexes with GroEL so that they could be isolated.
Case studies
I. Why do different forms of ␣-lactalbumin bind with GroEL?
An independent approach to analyze what kind of protein structures GroEL recognizes is to test the ability of preformed metastable folding intermediates to bind with GroEL. Perhaps the most revealing example is binding of the partially folded intermediate of ␣-lactalbumin. ␣-Lactalbumin is a small 2-domain protein, having 4 disulfide bonds, that adopts a partially folded structure, often referred to as the molten globule structure (Kuwajima 1989) . The ␣-domain comprises residues 1-37 and 84-123 and contains 4 ␣-helices A, B, C, and D (Chaudhuri et al 2000) . The ␤-domain encompasses 1 peptide region 38-83 and is composed of a 3-stranded ␤-sheet and a 3 10 helix. The molten globule state of ␣-lactalbumin has a native-like secondary structure and has a compact shape (Arai and Kuwajima 1996) . However, it does not have a specific tertiary structure, and the ␣-domain is more or- Katsumata et al (1996) clearly showed that it does bind albeit with a much reduced association constant. The disulfide intact and 1 disulfide (Cys6-Cys120) reduced ␣-lactalbumin (RLA) were shown not to bind with GroEL both in the presence and absence of Ca 2ϩ (Shimizu et al 1998) . The 2 disulfide (Cys6-Cys120 and Cys28-Cys111) RLA, which has the native-like tertiary structure in its ␤-domain region and an unfolded ␣-domain in the presence of Ca 2ϩ , showed considerable binding with GroEL (Shimizu et al 1998) . The binding free energy of the 2 disulfide RLA in the presence of Ca 2ϩ is close to that of the molten globule state ␣-lactalbumin (Shimizu et al 1998) . This result clearly suggests that GroEL binds to the unfolded ␣-domain regardless of the ␤-domain (Shimizu et al 1998) . Although one can argue that the interaction between the unfolded ␤-domain and GroEL in the metastable intermediate states also contributes to the binding of ␣-lactalbumin with GroEL, it has been shown by free energy calculations that the majority of the interaction is contributed by the ␣-domain of the partially unfolded ␣-lactalbumin (Shimizu et al 1998) . This conclusion is consistent with the observation that a chymotryptic fragment of ␣-lactalbumin (54-105), which contains only the ␤-domain, is unable to bind to GroEL, whereas a larger fragment (17-108) associates with GroEL (Shimizu et al 1998) . Studies done with hydrogen exchange kinetics of RLA Bovine ␣-lactablumin which clearly shows that the predicted hydrophobic regions (loop region marked by white colored arrow). It is predicted that these regions in the molten globule state form a hydrophobic pocket, which is recognized by GroEL. These are the two hydrophobic patches, residues 38-43 (GGIALP) and residues 113-120 (KILDIKGI), which have high hydropathy indices and share high degree of homology with the GroES mobile loop. (Figures are generated using software Cn3D available at NCBI.)
bound to the chaperonin GroEL (Okazaki et al 1997) suggested that the hydrogen bonds in the secondary structural elements in RLA are neither stabilized nor destabilized when RLA is bound to GroEL, although RLA has quite a large extent of secondary structure. Hence, the structural elements recognized in RLA by GroEL are not the secondary structure, but unstructured parts, which have no influence on the stability of hydrogen bonds in the secondary structure in the RLA molecule. It was also been suggested that the peptide fragment between residues 110 and 120, which is positively charged and shows high hydropathic indices, and also the region between residues 90 and 100, which is also hydrophobic and has neutral average charge, provide strong recognition sites of ␣-lactalbumin by GroEL (Okazaki et al 1997) . Moreover, Shimizu et al (1998) clearly showed that the B14 and C17 peptides, which correspond to the B-and C-helix regions of ␣-lactalbumin, have binding constants with GroEL less than 10 4 M Ϫ1 . According to our hypothesis, we propose that there exist 2 hydrophobic patches, residues 38-43 (GGIALP) and residues 113-120 (KILDIKGI), which have high hydropathy indices and share a high degree of homology with the GroES mobile loop (Table 2) . They also form a flexible hydrophobic pocket in 3-dimensional space (Fig 1) , which we propose to be the ideal location of GroEL recognition. These regions are the corresponding loop regions lying just before and after helix B and helix C, respectively, and are largely unfolded in nature in it's native state. The reason why the native ␣-lactalbumin does not bind with GroEL may be due to the fact that the hydrophobic pockets are not oriented properly to cause energetically favorable contacts with the GroEL apical domain. We also propose that any key mutation (most likely hydrophobic to hydrophilic) in this region would terminate the binding of the nonnative form of ␣-lactalbumin to GroEL.
II. Mechanism of binding aconitase with GroEL
Yeast mitochondrial aconitase is a monomeric, 82-kDa, Fe 4 S 4 cluster-containing enzyme of the Krebs cycle that catalyzes the isomerization of citrate to isocitrate. Presumably only a portion of a large protein, like aconitase, could be bound within the GroEL central cavity, whereas the remainder must lie outside in the bulk solution (Chaudhuri et al 2001) . As suggested earlier (Dubaquie et al 1998) , it may be that only 1 of the 4 domains in aconitase has kinetic difficulty in reaching its native form, and it is this domain (residue numbers 535-753) that becomes recruited to the central cavity of GroEL, whereas the other 3 domains lying in the bulk solution are essentially native and would not themselves recruit chaperones to their surfaces. We hereby report the presence of multiple hydrophobic patches in the aconitase sequence, very similar to the mobile loop of GroES (Table 2) . We, thus hypothesize that the presence of these hydrophobic patches in aconitase are the sites of interaction with GroEL. This domain, termed as the fourth domain of aconitase throughout this article, seems to be in relatively unfolded conformation when nonnative aconitase approaches GroEL, and thus because of its relatively more hydrophobic patch content, seems to contain GroEL-binding motifs. It has also been reported that the -COOH terminal domain generated by domain 4 of the native aconitase lies somewhat apart in the crystal structure from the bodies of the other 3, which house the Fe 4 S 4 cluster (Lauble et al 1992) . This information might give us a clue to understand the exact mechanism of how the holo form of aconitase is formed and how the transition from apo form of aconitase to holo form takes place. We hypothesize that the fourth domain interacts with GroEL, whereas the other 3 domains capable of folding spontaneously stay in solution thereby allowing them to form the metal-binding pocket of apo aconitase (Chaudhuri et al 2001) . Because one would expect that for binding with the metal ion, the protein should be presented in more compact form with most of its structure already formed and with the charged residues close to each other in 3-dimensional space. The bound fourth domain is released from the GroEL cavity because of the conformational changes affected by the correct binding of the Fe 4 S 4 cluster in the correctly organized metal-binding pocket of GroEL-bound apo aconi -Fig 2. (A) Fourth Domain of aconitase predicted to bind to GroEL through its multiple hydrophobic patches (loop region marked by white colored arrow) present in strands and loop regions of the fourth domain. The other three domains of aconitase protein remain outside the GroEL cavity in their near-native forms. (B) Complete aconitase with its 4Fe-4S cluster. It is hypothesized that the binding of the cluster to the first three domains of aconitase results in the overall conformational change in the aconitase structure yielding it to disassociate from the GroEL cavity.
tase, thereby resulting in the formation of holo aconitase in solution (Fig 2B) . Hence, we can consider that GroEL acts as a nonspecific scaffold for the incorporation of the Fe-S cluster (Chaudhuri et al 2001) .
III. Why does murine DHFR bind with GroEL?
DHFR from E coli does not interact with the molecular chaperonin GroEL, regardless of whether the interaction is initiated from the native or the unfolded state (Clark et al 1996) . In contrast, murine DHFR shows a strong interaction with GroEL (Martin et al 1991) . A superimposition of the 2 structures of DHFR reveals that there are 3 distinct external loops in the eukaryotic DHFR that are not present in E coli protein (Clark et al 1996) . The mutant E coli DHFR-i 7 136 (E coli DHFR-i 7 136 is a mutant of E coli DHFR in which residues 136-139 were replaced with the 7-amino acid sequence L-P-E-Y-G-V of murine DHFR) binds to GroEL with a stochiometry of 4-5 mol of DHFR per mol of GroEL tetradecamer (Clark et al 1996; Clark and Frieden 1999) , whereas murine DHFR binds to GroEL with a stochiometry of 2 mol of DHFR per mol of GroEL tetradecamer. In our analysis the residues 157-167 and 70-76 span these regions (Fig 3) . This analysis clearly suggests that sites for the GroEL recognition of murine DHFR exist in these extra loop regions only and that the local hydrophobicity including hydrophobic patches or clefts appears to be more important than residue-specific hydrophobicity as a determinant of polypeptide binding by GroEL.
DISCUSSION
Role of hydrophobic patches in the amino acid sequence of substrate proteins on binding with GroEL
We measured the overall hydrophobicity of in vivo and in vitro GroEL substrates as well as nonsubstrates for a comparison and observed that in all the cases almost onethird of the residues are hydrophobic in nature. So, overall hydrophobicity cannot be a primary parameter for differentiation of a nonsubstrate from a substrate of GroEL. However, when we tried to identify the GroES mobile loop-type hydrophobic patches in the in vivo substrates for GroEL as well as the nonsubstrates, we got interesting observations. Almost all the in vivo substrates contain 1 or more hydrophobic patches having a high degree of similarity with the GroES mobile loop (Table 1) . So, total hydrophobicity of a protein cannot decide whether it will bind with GroEL, but the arrangement of hydrophobic residues in a protein molecule is important for the recognition by GroEL. On the other hand, when we calculated the local hydrophobicity of hydrophobic patches of GroELs in vivo substrates, we observed that the value is pretty closer (within 80%) to the hydrophobicity of the GroES's GroEL recognition site (GGIVLTG). However, there are some cases where we observed high values of percentage similarity of hydrophobic patches with a relatively lower local hydropathy index (Table 4) , the reason being the drop in the local hydropathy index due to the presence of some charged residues in the hydrophobic patches. However, we suggest that the presence of few charged residues in the hydrophobic patch region of a substrate protein does not impair its binding ability to the GroEL apical domain until it contains 3 or 4 consecutive strong hydrophobic residues like I, V, L, etc. It may be possible that the affinity of binding with GroEL might be lowered for the proteins having charged residues in their hydrophobic patch region. A recent study on the short peptide binding with GroEL reveals that when 2 13-residue ␣-helical peptides with identical composition were compared, the one with amphiphilic character, ie, with a continuous hydrophobic surface at one aspect, bound strongly than the one with interspersed hydrophobic and hydrophilic residues (Wang et al 1999) . When considering the protein sequences that do not interact with GroEL, we noticed that there are no stronger hydrophobic patches (Table 7) , which once again confirms the point that the presence of hydrophobic patches is the determining factor in a protein to be identified as a substrate for GroEL. Of course, the other important criterion that a protein should fulfill before it qualifies as a substrate for GroEL is that it must expose the hydrophobic patch in its nonnative form. Hence, there is a probability that if the patches are present in the flexible loop region of a protein, it has a higher possibility of binding with GroEL. In fact, we observed hydrophobic patches in the loop region of bovine ␣-lactalbumin (Fig 1) , yeast mitochondrial aconitase (Fig 2) , human DHFR (Fig 3) , and in the domains of elongation factor (EF-Tu), adenosylmethionine synthetase, and threonyl-tRNA synthetase (Fig 4) .
Role of local hydrophobicity in the binding of nonnative ␣-lactalbumin with GroEL
The molten globule form and 2 disulfide reduced forms of ␣-lactalbumin have been shown to bind with GroEL (Shimizu et al 1998) . Furthermore, the structural study as well as the hydrogen exchange study with RLA suggest that the ␣-domain is largely unstructured (Okazaki et al 1997) . We have identified 2 hydrophobic patches consisting of residues 38-43 (GGIALP) and residues 113-120 (KILDIKGI) located in the loop regions before and after helix B and helix C. These patches have a high degree of similarity with the GroEL-binding region in GroES's mobile loop (Table 2) . It is therefore proposed that the reduced and molten globule form of ␣-lactalbumin interacts with GroELs through the flexible loop region containing the hydrophobic patches.
Binding of aconitase with GroEL
Yeast mitochondrial aconitase (for which there is an X-ray model) is far too large to be accommodated inside the open ring of GroEL. Thus, presumably only 1 domain, or a portion of a domain, can have access to the binding sites of GroEL. It is possible that this would be a domain or surface of nonnative aconitase that exhibits particular difficulty in achieving native form and thus may preferentially present a hydrophobic surface to the GroEL cavity. We have observed multiple hydrophobic patches in the loop region of the fourth domain (Fig 2) and not in the other 3 domains. Hence, our prediction also suggests that aconitase should potentially bind with GroEL with its flexible and relatively less structured fourth domain. Mutational studies at the hydrophobic patch regions of aconitase may resolve this issue.
Binding of DHFR with GroEL
The reason why murine DHFR binds with GroEL (Clark et al 1996) , whereas E coli DHFR does not bind in it's nonnative form can also be explained on the basis of it's local hydrophobicity as well as the position of the hydrophobic patches in it's peptide sequence. It is presumable that the GroEL recognition sites of murine DHFR are present in the regions containing hydrophobic patches. Interestingly, E coli DHFR does not contain the same kind of hydrophobic patches in any place of its amino acid sequence, which is at least a strong point to defend with it's inability to bind with GroEL. However, this prediction should be validated by amino acid replacement in the loop region of murine DHFR. It is indicative that the replacement of strong hydrophobic amino acids with hydrophilic ones in the hydrophobic patch region of DHFR should reduce or impair the ability of it's binding with GroEL. The other kind of study is with E coli DHFR, where replacement of hydrophilic amino acids with selective hydrophobic ones in the flexible loop region might be worth performing to verify the difference between E coli and murine DHFR regarding their binding with GroEL.
The role of hydrophobic patches in recognition and binding of nonnative proteins can be further validated with the fact that recombinant E coli DHFR having mutations exhibits higher affinity for GroEL than murine DHFR. It is possible that the exposition of hydrophobic patches in the E coli mutant is more than that of the murine one in the nonnative form, or it is possible that E coli mutant forms the stronger patch. Although the overall hydrophobicity of E coli DHFR and murine DHFR are pretty close (Table 5) , the arrangement of the hydrophobic amino acids in a protein chain is a crucial point in deciding whether the protein would be binding with GroEL in its nonnative form.
Why the apo form of some proteins binds with GroEL?
We have observed that elongation factor (EF-Tu), adenosylmethionine synthase, and threonyl-tRNA synthetase After the binding and subsequent release of the apo protein from GroEL cavity, assisted by co-chaperonin GroES and nucleotide ATP, we predict that there might be two different fates for the apo protein. 1) The apo form may rebind to the GroEL cavity by virtue of its exposed hydrophobic patches, which are present in the same domain to which the metal binds. This results in the formation of appropriate metal-binding pocket, metal or metal cluster bind to the pocket, resulting in the conformational changes to enable the holo protein to be released in solution.
2) The apo form, after releasing from the GroEL cavity may multimerize using its exposed hydrophobic patches, thereby creating the metal-binding pocket, which eventually leads to the formation of the holo protein on binding to its partner metal or metal clusters. (A) Denatured protein binding to the GroEL cavity through its exposed hydrophobic patches; B) Folding of the protein into the apo form and release from the GroEL cavity driven by GroES and ATP; C) Rebinding of the apo form to GroEL by virtue of its exposed hydrophobic patch; D) Multimerization of the released monomers; E) release of the holo form from the GroEL cavity on metal binding in the correctly formed pocket; F) The multimerized protein molecule forms an ideal metal-binding site where the metal can bind to form the holo protein.
( Fig 4A-C) contain hydrophobic patches homologous to the GroES mobile loop in the same domain that interacts with GroEL as well as with the ions Mg 2ϩ , Zn 2ϩ , and K ϩ , respectively. Therefore, we hypothesize the possible biosynthetic pathways of such metalloproteins. First, the nonnative form of the substrates interacts with GroEL with their exposed GroES mobile loop-like hydrophobic patches and folds to the extent of the apo form with the involvement of GroES and ATP. The correct structure of the metal-binding pocket might not be constructed on the apo protein, and hence the apo form cannot reach the holo form instantaneously. Hence, the apo form binds again with GroEL to form the correct metal binding. Thereafter, binding of metal or metallocluster causes an overall conformational change to the protein molecule so that the whole complex gets ejected into the solution as a holo protein. The mechanism needs experimental verification to establish whether the conversion of GroEL-bound apo form to holo form and its release requires the assistance of GroEL and ATP. Second, it might so happen that some of the apo proteins on release into bulk solution might multimerize before a metal binds to them. In those cases, the released apo form of the protein interacts with other monomers through its exposed hydrophobic patches and thus forms the appropriate metal-binding pocket. We have proposed a model of biosynthesis of metalloproteins based on our hypothesis (Fig 5) .
To validate the proposed model, we have discussed the case of yeast mitochondrial aconitase. It has been reported that apo aconitase stays bound with GroEL and is released from GroEL cavity after receiving Fe-S cluster (Chaudhuri et al 2001) . The question that remains to be answered is-why does the apo form of aconitase bind with GroEL? The reason is that the released apo form does not contain correct metal-binding pockets and hence is unable to form the holo form instantaneously. Instead the apo form binds with GroEL, and on binding it can form the correct cluster-binding pocket so that the preformed Fe-S cluster can occupy the pocket, and the bound domain acquires the desired conformation to be released from the central cavity of GroEL (Chaudhuri et al 2001) . The other possibility is that the monomeric apo molecule released from the GroEL central cavity after the first round of GroEL, GroES, and ATP-assisted folding might associate together to form a polymeric assembly, and having correct the metal-binding pocket and addition of metal or other metallic clusters then results in the formation of correctly folded metalloproteins. At least the second possibility does not hold good for aconitase folding because it has been observed that apo aconitase further associates with GroEL (Chaudhuri et al 2001) .
CONCLUSION
The presence of single or multiple GroES mobile loop-like hydrophobic patches in the amino acid sequence seems to be a foremost criterion for a protein to be recognized by GroEL. However, the presence of the hydrophobic patch is not the only criterion for GroEL-substrate interaction, but the hydrophobic region on the protein must also be exposed in its nonnative form so that it can interact with the peptide-binding region on the GroEL's apical domain. This is an intrinsic property of a protein, inscribed in its primary sequence. Hence, the presence of hydrophobic patches in the primary amino acid sequence of a protein and its availability for interaction with GroEL in the nonnative state are the necessary conditions to be fulfilled by a protein to be considered as a potential substrate for GroEL chaperones. Future experiments, like mutational studies in the hydrophobic regions of predicted GroEL substrates, would certainly improve our understanding on how different substrates interact with GroEL.
